A surprisingly high degree of structural and compositional dynamics is observed in the system LiBH 4 -LiCl as a function of temperature and time. Rietveld refinement of synchrotron radiation powder X-ray diffraction (SR-PXD) data reveals that Cl -readily substitutes for BH 4 -in the structure of LiBH 4 . Prolonged heating a sample of LiBH 4 -LiCl (1:1 molar ratio) above the phase transition temperature and below the melting point (108 < T < 275°C) can produce highly chloride substituted hexagonal lithium borohydride, h-Li(BH 4 ) 1-x Cl x , e.g., x ∼ 0.42, after heating from room temperature (RT) to 224°C at 2.5°C/min. LiCl has a higher solubility in h-LiBH 4 as compared to orthorhombic lithium borohydride, o-LiBH 4 , which is illustrated by a LiBH 4 -LiCl (1:1) sample equilibrated at 245°C for 24 days and left at RT for another 13 months. Rietveld refinement reveals that this sample contains o-Li(BH 4 ) 0.91 Cl 0.09 and LiCl. This illustrates a significantly faster dissolution of LiCl in h-LiBH 4 as compared to a slower segregation of LiCl from o-LiBH 4 , which is also demonstrated by in situ SR-PXD from three cycles of heating and cooling of the same Li(BH 4 ) 0.91 Cl 0.09 sample. The substitution of the smaller Cl -for the larger BH 4 -ion is clearly observed as a reduction in the unit cell volume as a function of time and temperature. A significant stabilization of h-LiBH 4 is found to depend on the degree of anion substitution. Variable temperature solid-state magic-angle spinning (MAS) 7 Li and 11 B NMR experiments on pure LiBH 4 show an increase in full width at half maximum (fwhm) when approaching the phase transition from o-to h-LiBH 4 , which indicates an increase of the relaxation rate (i.e., T 2 decreases). A less pronounced effect is observed for ion-substituted Li(BH 4 ) 1-x Cl x , 0.09 < x < 0.42. The MAS NMR experiments also demonstrate a higher degree of motion in the hexagonal phase, i.e., fwhm is reduced by more than a factor of 10 at the o-to h-LiBH 4 phase transition.
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Introduction
The use of hydrogen (H 2 ) as an energy carrier in a future hydrogen society may form the basis of a more environmentally friendly and carbon free energy system. The Achilles heel in this scenario, which utilizes a variety of renewable energy sources to produce hydrogen as an energy carrier for mobile applications (e.g., cars), is the development of an efficient, lightweight, compact, robust, safe, and low-priced method for the storage of hydrogen. This may be realized through solid-state H 2 storage. [1] [2] [3] This has prompted significant research within the light-element hydrides during the past decade, in particular for complex hydrides based on BH 4 -, NH 2 -/ NH 2-, and AlH 4 -/AlH 6 3-.
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Obviously, lithium borohydride (LiBH 4 ) has great potential as a possible future hydrogen storage medium and has received much interest due to high gravimetric and volumetric hydrogen storage capacity of F m = 18.5 wt % and F V = 121 kg H 2 m -3 , respectively. 9,10 At room temperature, LiBH 4 exists as an orthorhombic phase, denoted as o-LiBH 4 (space group Pnma) that undergoes a first-order phase transition to a hexagonal phase, denoted h-LiBH 4 (P6 3 mc) at ca. 108°C, with a melting point reported to be 275°C. 9, 10 The structures of the two *Corresponding author. E-mail address: trj@chem.au.dk. Phone: þ45 8942 3894. Fax: þ45 8619 6199. polymorphs of lithium borohydride have originally been investigated by powder X-ray diffraction (PXD), 9,10 but recently also by single-crystal X-ray diffraction, neutron diffraction, and theoretical methods.
11-14 Unfortunately, this material suffers from poor thermodynamics, i.e., high enthalpy of decomposition ΔH = -68.9 kJ/mol, and hydrogen release therefore occurs at a relatively high temperature (T > 300°C). 15 On the other hand, LiBH 4 in its molten state is very reactive and also reacts with gold. 16 This ability has been utilized in the design of reactive hydride composites (RCH), e.g., the system 2LiBH 4 -MgH 2 , which has an enthalpy of decomposition of only -42 kJ/mol and is still capable of storing 11.5 wt % H 2 .
17,18 Self-catalyzing LiBH 4 -MgH 2 has also been described, but unfortunately, the practical application of these systems are hampered by slow kinetics, limited reversibility, and the mechanism for dehydrogenation of LiBH 4 remains not fully understood. [19] [20] [21] Recently, cation substitution in borohydrides has been suggested, for example the synthesis of LiK(BH 4 ) 2 , which unfortunately possesses the same high thermodynamic stability as the two compounds, LiBH 4 and KBH 4 . 22 This calls for additional methods for modifying/improving materials properties and anion substitution has recently been suggested, e.g., by halide substitution in LiBH 4 . 16, 23, 24 Recent results indicate that solid LiCl dissolves in the structure of solid h-LiBH 4 by solid-state ion diffusion. 16 This is the first indication of a new and very promising method for modification of structure and properties of known borohydrides by anion substitution. This has prompted us to investigate the degree of chloride substitution as a function of temperature and the detailed structure and physical properties of lithium borohydride is studied here employing in situ synchrotron radiation powder X-ray diffraction (SR-PXD) and solid-state variable temperature (VT) MAS NMR spectroscopy. These techniques are complementary, i.e., SR-PXD probes long-range structural order whereas solid-state NMR provides information on the nearest coordination sphere of the studied nuclei and also on possible amorphous components in the investigated samples. Solidstate NMR spectra of powdered samples containing quadrupolar nuclei usually show significant line broadening caused by quadrupolar interactions, chemical shift anisotropy (CSA), and dipole-dipole couplings. Magicangle spinning (MAS) of the sample can partly suppress the effects of these interactions, and combined with different decoupling techniques, high resolution solidstate NMR spectra may be obtained. In VT MAS NMR, the line width/shape of the spectrum contains information on the dynamics of the studied nucleus, its particular molecular fragment or molecule in the sample. For example, the 27 Al line width for lithium alanate (LiAlH 4 ) shows a decrease from 3.2 to 0.4 kHz when the sample changes from solid to the molten state at 180°C. 25 Here, we present the results of a thorough and detailed combined SR-PXD and MAS NMR study on the structure and dynamics of the LiBH 4 -LiCl solid-solution performed as a function of temperature and time.
Experimental Section
Sample Preparation. A mixture of LiBH 4 and LiCl (1:1), 2.6 g in total, was ball milled using a sample to ball ratio of 1:35 by weight and a milling time of 120 min. The sample was thereafter sealed in an argon-filled quartz ampule and heated at 245°C for 24 days. This sample is denoted s1 and is used to study the structure and degree of anion substitution. The Cl -content in sample s1 varies in the different experiments due to a small segregation of Cl -with time. The Cl -content can be estimated from Rietveld refinement, the phase transition temperature, and time since preparation. Another sample, denoted s2, was prepared by ball milling LiBH 4 and LiCl (3:1) as described above and used to study the substitution process. Lithium borohydride, LiBH 4 (Aldrich, 95%), and lithium chloride, LiCl (Aldrich, 99.988%), were used as received. All sample handling was performed in an argon filled glovebox.
Synchrotron Radiation Powder X-ray Diffraction (SR-PXD). Synchrotron powder X-ray diffraction data were obtained at the Swiss-Norwegian Beamlines (SNBL) at the European Synchrotron Radiation Facility (ESRF), Grenoble, France. The premilled and preheated LiBH 4 -LiCl sample (s1, 1:1) was mounted under argon atmosphere in a 0.5 mm diameter quartz glass capillary, which was sealed with heat-resistant, water-free glue. The sample was subsequently heated and cooled three times continuously to 227°C and cooled to -73°C, at a rate of 2.5°C/min, while SR-PXD data were collected in situ. The temperature was controlled by an Oxford Cryostream 700þ. The data were collected using a MAR345 image plate detector at the BM01A line of SNBL. The data were measured at a sample to detector distance of 200 mm, using a selected wavelength of λ = 0.652812 Å . The detector parameters and the wavelength were calibrated with a standard sample of LaB 6 from NIST. The X-ray exposure time was 30 s, and the detector read out time was 53 s, which gives ∼83 s per image and a total of 404 powder diffractograms were measured. The two-dimensional (2D) data were integrated using the Fit2D program. 26 Excellent counting statistics allowed us to define precisely the background line and to observe very weak diffraction peaks. Accurate integrated intensities were obtained due to a good powder average achieved by projecting the 3D scattering information on the 2D detector. Uncertainties of the integrated intensities were calculated at each 2θ-point by applying Poisson statistics to the intensity data, considering the geometry of the detector. 27 The calculated absorption coefficient is practically equal to zero, thus the absorption correction was not applied. Finally, the data were refined using the sequential refinement approach implemented in Fullprof. 28 Another set of in situ SR-PXD data were collected at variable temperatures at beamline I711 in the research laboratory MAXLab, at the synchrotron facility MAX-II, Lund, Sweden, and at beamline X7B, National Synchrotron Light Source (NSLS), Brookhaven National Laboratory, using selected wavelengths of λ = 1.1351 and 0.92172 Å , respectively. 29 The data were collected on a MAR165 area charge-coupled device (CCD) detector or a MAR345 image plate system (MAX-Lab and NSLS, respectively). The sample cell was specially developed for studies of gas/solid reactions and allows high pressure and temperature to be applied. [30] [31] [32] The sample was placed in a sapphire tube mounted in a steel holder by vespel ferrules, and a chromel-alumel thermocouple was inserted into the sapphire tube and gave a feed back to the temperature controlled heating performed by a resistance heater wrapped around the sample. The gas system was repeatedly flushed with nitrogen and evacuated before a valve placed a few centimeters from the sample was opened. An X-ray exposure time of 30 or 60 s was used for data acquisition. A ball milled sample of LiBH 4 and LiCl (3:1) was heated from room temperature (RT) to 250°C with a heating rate of 5°C/min, and a sample of LiBH 4 was heated from RT to 600°C with a heating rate of 3°C/min. The frames were integrated using the Fit2D software, 26 and the observed powder patterns from both samples were readily indexed in order to explore the thermal expansion and the anion substitution process.
Structural Refinements. Rietveld refinements were performed using the Fullprof program and coordinates and atomic displacement factors from single-crystal diffraction studies of LiBH 4 and LiCl.
11,33 One overall temperature factor was refined for each type of atom in order to correct for the temperature changes. The data were split in a series each containing either diffraction from o-or h-LiBH 4 and the first patterns of each series (no. 1, 85, 206, 328 and no. 18, 129, 249, respectively) were refined with all linearly interpolated background points varied and the preliminarily determined zero shift fixed. The sequential refinement in Fullprof was used to refine the rest of the powder patterns in each series with pseudo-Voigt profile functions and all parameters, 34 including those structurally refined in a full matrix. Two different structural models were used for the orthorhombic phase of the substituted sample: (model 1) Chloride ions were constrained to the atomic position of boron in the BH 4 -ions in the structure of LiBH 4 and their total occupancy was constrained to one. (model 2) No substitution was considered and only refinement of pure nonreacted LiBH 4 and LiCl was considered. Model 1 was also used for the refinement of the data for the hexagonal phase. In general, Rietveld refinement of accurate powder X-ray diffraction data provides highly accurate unit cell parameters but less accurate compositional parameters based on refined occupancies. This is due to a strong correlation between occupation and thermal displacement parameters. The refinements for the data in Table 1 were performed by refining one pattern at each temperature as described above, and keeping the overall displacement factor fixed for the refinement of the pattern at the same temperature. Crystal data and structural refinement parameters are given in the Supporting Information.
Solid-State MAS NMR Spectroscopy. Li, and 11 B magic-angle spinning (MAS) NMR spectra of LiBH 4 and chloride substituted samples Li(BH 4 ) 1-x Cl x were recorded at 399.8, 155.4, and 128.3 MHz, respectively, on a Varian INOVA-400 (9.4 T) spectrometer using a home-built variable temperature (VT) MAS probe for 5 mm o.d. Si 3 N 4 rotors (110 μL sample volume) and a spinning speed ν R = 5 kHz. 35 The Si 3 N 4 rotor was loaded with LiBH 4 or Li(BH 4 ) 1-x Cl x in an argon filled glovebox, and the rotors were closed using a Torlon end-cap equipped with two Viton O-rings. This ensured an airtight and inert environment for the sample, when outside the glovebox, for at least 30 days. The home-built variable temperature (VT) unit 36 was operated in the temperature range from ambient to about 130°C, and the experiments were performed using very dry ordinary air with a dew point of -90°C for controlling sample temperature and spinning speed. The temperature of the sample in the spinning rotor was calibrated by measurement of the chemical shift for the 207 Pb signal of Pb(NO 3 ) 2 under the exact identical spinning conditions and using a temperature coefficient of 0.758 ppm/°C. 36 A precision of ( 1°C was obtained for the temperature measurement.
The 1 H MAS experiments employed an rf field strength of γB 1 /2π = 62 kHz, a pulse width of 2.0 μs, a relaxation delay of 4 s, and typically 32 scans. These conditions were found to give quantitative reliable intensities in the 1 H MAS NMR spectra. 7 Li MAS spectra were recorded using a rf field strength of γB 1 / 2π = 71 kHz, a pulse width of 4.0 μs, a relaxation delay of 4 s, and typically 512 scans. An external sample of 1 M aqueous LiCl 11 B MAS NMR spectra were performed on a SUN Ultra-5 workstation using the STARS solid-state NMR software package developed earlier for analysis and least-squares fitting of MAS NMR spectra.
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Physical Measurements. Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) were performed simultaneously using a Netzch STA449C Jupiter instrument (22-350°C, heating and cooling rates of 2.5 and 5.0°C/min, respectively) and aluminum oxide crucibles with lids were used as sample holders. Samples of LiBH 4 and Li(BH 4 ) 1-x Cl x (s1) were used to determine the physical properties such as phase transition temperature and melting point. Three heating and cooling cycles were performed to compare this experiment with the in situ SR-PXD experiment.
A PCTPro2000 apparatus 38 equipped with a home-built sample holder was used to perform temperature programmed desorption (TPD) measurements on LiBH 4 and Li(BH 4 ) 1-x Cl x (s1). The samples were heated to 550°C with a constant heating rate of 0.5°C/min.
Results and Discussion
Synthesis and Chloride Substitution Process. In situ SR-PXD experiments with LiBH 4 and with a mixture of ball milled LiBH 4 and LiCl (3:1 molar ratio, s2) have been performed in order to study the anion-substitution process. Figure 1 shows the unit cell volume as a function of temperature for the two samples. Both samples show similar thermal expansion in the temperature range RT to 115°C (in the orthorhombic phase). Interestingly, after the phase transition to h-LiBH 4 , the unit cell volume of the mixed sample (s2) decreases, whereas that of LiBH 4 shows the positive thermal expansion. 11 The decrease in the volume for the lithium chloride containing sample (s2) is attributed to the substitution of the larger BH 4 -complex ion in the structure of LiBH 4 with the smaller Cl -ion. It is noteworthy that the substitution is a relatively fast process (heating rate 5°C/min) at relatively low temperatures (106-200°C). Second, the substitution process clearly shows a preference for the hexagonal phase as compared to the orthorhombic phase, which might be due to the higher dynamic in the hexagonal phase as compared to the orthorhombic phase.
Structure and Composition of Li(BH 4 ) 1-x Cl x (0.09 e x e 0.42). In order to reach equilibrium conditions for the substitution process, a sample of LiBH 4 -LiCl (1:1, s1) was heated under inert conditions for a prolonged period of time (245°C for 24 days). This sample (s1) was then equilibrated for 13 months at RT and then examined by high resolution SR-PXD from RT to 227°C. The amount of Cl -in the initial sample (equilibrated for 13 months) was found from Rietveld refinement to be x = 0.09. A series of three continuous heating and cooling cycles were performed for Li(BH 4 ) 0.91 Cl 0.09 (s1), and all data were refined by the Rietveld method. Structural model 1 has been used where Cl -substitutes for BH 4 -in the structure of LiBH 4 and the center of the BH 4 -units and the Cl -atoms are constrained to the same set of x, y, z coordinates and their occupancies sum to one. Furthermore, for the first pattern, a refinement has been performed with model 2, which assumes no substitution of Cl -into the structure and only a mixture of pure LiBH 4 and LiCl. The obtained Bragg R-factors for the first pattern
The unit cell parameter of LiCl is found to be a = 5.13635(2) Å , which agrees well with the published data, a = 5.143(6) Å . 33 Therefore, it is concluded that the data give no indication of anion substitution in the structure of LiCl. In contrast, the volume of the new phase Li(BH 4 ) 1-x Cl x (0.09 e x e 0.42) is found to be significantly smaller by up to ∼3.2% for the orthorhombic phase (third cycle) and 8.7% for the hexagonal phase (first cycle) than previously published data for o-and h-LiBH 4 ; see Table 1 . This is in good agreement with the fact that the ionic radius of Cl -(r = It is particularly noteworthy that the refinement of the hexagonal phase (cycle 1) at T = 224°C shows that a higher quantity of Cl -ions can be substituted into the high temperature phase resulting in a Cl-rich composition Li(BH 4 ) 0.58 Cl 0.42 , which corresponds to 48.9 wt % (42 mol %) Cl -. For the sample obtained at 224°C, the refinement converged at R Bragg (Li(BH 4 ) 0.58 Cl 0.42 ) = 10.8% and R Bragg (LiCl) = 0.7%. The determined unit cell parameters are summarized in Table 1 . It is clearly seen that the unit cell parameters are smaller compared to pure LiBH 4 , which further confirm the higher substitution rate. The calculated intensity and difference plots for the refinements of the orthorhombic and hexagonal phase can be found in the Supporting Information.
The above-mentioned structural results indicate that the unit cell volume can be used as an indirect measure of the composition or degree of lithium chloride substitution in lithium borohydride. A sample of anion substituted lithium borohydride, Li(BH 4 ) 0.91 Cl 0.09 , was cycled three times in the temperature interval -73 to 227°C (2.5°C/ min); see Figure 2 . Initially (Figure 2a) , o-Li(BH 4 ) 0.91 -Cl 0.09 shows thermal expansion up to the o-to h-Li-(BH 4 ) 1-x Cl x phase transition; hereafter, h-Li(BH 4 ) 1-x Cl x clearly show decreasing unit cell volume with increasing temperature due to significant dissolution of LiCl. The composition of h-Li(BH 4 ) 1-x Cl x is in the range 0.21 e x e 0.42 for the first heating and reaches a maximum of Li(BH 4 ) 0.58 Cl 0.42 at the end of the cycle. It is clearly seen that the volume of Li(BH 4 ) 0.91 Cl 0.09 before the first cycle is much higher than after, demonstrating the substitution of Cl -during the first heating cycle. In the second and third heating and cooling cycles, only minor compositional changes are observed. This is illustrated in Figure 2b and c by thermal expansion of Li(BH 4 ) 1-x Cl x (0.28 e x e 0.42). The unit cell volumes as a function of temperature during the second and third cycles are similar indicating that a complete substitution at the selected conditions has occurred. The curve appears to flatten around 227°C, but the substitution of lithium chloride may increase further if the temperature is raised or held constant at 227°C for a prolonged period of time. These experiments (Figure 2 ) reveal that the dissolution of lithium chloride in h-LiBH 4 is a relatively fast process mediated by solid-state ion diffusion. On the other hand, segregation of lithium chloride from solid Li(BH 4 ) 1-x Cl x (0.28 e x e 0.42) is a relatively slow process at RT. The substitution and precipitation rates at low and high temperatures naturally correlate with the diffusion speed as a function of temperature. Note, that sample s1 was initially equilibrated for 24 days at 245°C, but after 13 months, the chloride content has decreased to Li-(BH 4 ) 0.91 Cl 0.09 . A small broadening of the diffraction peaks from o-and h-Li(BH 4 ) 1-x Cl x was observed after the different heating and cooling cycles, possibly due to a larger concentration gradient of Cl -in the freshly heated samples, compared to the initial sample.
In the first cycle, the phase transition temperature of o-to h-Li(BH 4 ) 1-x Cl x is observed to be T = 106°C, which is similar to LiBH 4 at 108°C.
11 Interestingly, the phase transition temperature clearly decreases during the cycling and in the third cycle it is already observed at 41 and 20°C for heating and cooling, respectively. A clear correlation is seen between the amount of Cl -substituted in the structure and the temperature for the phase transition, Table 2 . This clearly shows that the anion substitution stabilizes the hexagonal phase in agreement with earlier work. 40 The stabilization of the hexagonal phase by substitution of Cl -may facilitate the rehydrogenation of the system. The linear thermal expansion coefficient is calculated using the equation
where L denotes a unit cell axis or volume and L 0 is the extrapolated value at 0°C. The results for the anionsubstituted LiBH 4 are summarized in Table 3 and compared to those for pure LiBH 4 . In general, LiBH 4 has higher thermal expansion coefficients as compared to the substituted sample. Furthermore, it is quite clear that the thermal expansion coefficient for o-LiBH 4 is about twice as large as the coefficient for o-Li(BH 4 ) 0.71 Cl 0.29 . However, for h-LiBH 4 , the coefficient for the volume expansion is only about 20% larger as compared to that for h-Li(BH 4 ) 0.58 Cl 0.42 . The expansion of the c-axis for h-LiBH 4 is observed to be larger compared to the expansion of the c-axes for the substituted sample, which is in contrast to the expansion of the a-axes of the two samples, which are similar. Solid-State MAS NMR Spectroscopy of LiBH 4 and Li(BH 4 ) 1-x Cl x . The phase transition of o-LiBH 4 to h-LiBH 4 has been investigated by 7 Li, 11 B, and 1 H VT MAS NMR spectroscopies. These are performed for both LiBH 4 and the anion-substituted Li(BH 4 ) 0.86 Cl 0.14 solid solution (sample s1, 6 months after preparation, when x is estimated to be 0.14 from the phase transformation temperature) in order to gain information about the dynamic and physical changes of the structures during the phase transition.
7 Li MAS NMR on LiBH 4 . The observation of only a single 7 Li resonance for LiBH 4 as well as for Li-(BH 4 ) 0.86 Cl 0.14 is in accordance with the crystal structural model for o-and h-LiBH 4 , which is described by one Li position in the asymmetric unit. This also demonstrates that the structure of Li(BH 4 ) 0.86 Cl 0.14 is similar to LiBH 4 as shown by Rietveld refinement in this study. On the other hand, the 7 Li MAS NMR spectra for the o-and h-LiBH 4 appear quite different as illustrated in Figure 4 . The spectrum acquired at the ambient temperature of 24°C (o-LiBH 4 ) using a spinning frequency ν r = 5000 Hz is shown in Figure 4a and displays a line width fwhm (full width at half maximum) for the central transition of about 550 Hz. This line width is dramatically reduced to only 26 Hz observed in the spectrum (Figure 4c ) acquired at a higher temperature of 123°C for h-LiBH 4 just above the phase transition. The experimental 7 Li MAS NMR spectra in Figure 4a and c have been analyzed in terms of the quadrupole coupling constant (C Q ) and the asymmetry parameter (η Q ) for this quadrupolar nucleus (I = 3/2). Optimized fitting of simulated to the experimental line shapes and intensities for the central and satellite transitions yields the optimized parameters listed in Table 4 and the corresponding simulations of the spectra are illustrated in Figures 4b and d . For the spectrum of o-LiBH 4 (T = 24°C), C Q = 17.9 kHz and η Q = 0.98 are obtained where the uncertainty for η Q is high, since fairly good fits to the experimental spectrum can be obtained for any η Q value in the range 0.30 e η Q e 1. For h-LiBH 4 (T = 123°C), the optimized fitting of the spectrum yields C Q = 36.4 kHz and η Q = 0.19 with a somewhat better precision as compared to the data for the o-LiBH 4 . Moreover, for h-LiBH 4 , a value for C Q = 32 kHz (but not for η Q ) has recently been evaluated from static (nonspinning) 7 Li NMR spectra, 42 which is in quite good agreement with the data presented here determined from MAS NMR. It was not possible to extract values for C Q and η Q from the extremely broadened static 7 Li NMR spectra measured for o-LiBH 4 in the previous studies 42 in contrast to the present MAS NMR study.
The 7 Li MAS NMR spectra recorded for o-LiBH 4 (24°C e T e ∼119°C) in a VT experiment starting from ambient and approaching the phase transition temperature (∼119°C) exhibit an interesting feature for the fwhm of the central transition, as shown in Figure 5 . In the temperature range 24-100°C, the fwhm is fairly constant with a slight decrease from 550 to 498 Hz. However, at about 100°C, the fwhm begins to increase from 498 Hz to about 800 Hz at a temperature of 119°C where the phase transition to h-LiBH 4 starts to occur. The fwhm abruptly decreases to about 60 Hz at 121°C where the phase transition appears to be completed. In addition, this figure also shows that by approaching the phase transition starting from the h-LiBH 4 phase (i.e., by a decrease in temperature), the phase transition temperature returning into the o-LiBH 4 phase starts at about 111°C, which is about 10°C lower than for the o-to h-LiBH 4 phase transition. This hysteresis of about 10°C was also recently observed in a study of the temperature dependence of the electrical conductivity for LiBH 4 and is a commonly encountered feature observed in solid-state MAS NMR studies of structural phase transitions.
42,44,45 The Table 4 . hysteresis effect may be due sluggishness of phase transition in the solid state. From the VT behavior of the fwhm for the central transition when approaching the phase transition by an increase in temperature, it is noteworthy that the 1/T 2 ( 7 Li) relaxation rate (determined from the fwhm) becomes increasingly effective (i.e., T 2 decreases) due to the increase in librations and mobility within the LiBH 4 structure at temperatures initiating the phase transition. This contrasts the temperature dependence of the spin-lattice relaxation T 1 ( 7 Li) for LiBH 4 which increases in the corresponding temperature region as recently determined. 42 Finally, we point out that analysis of four additional spectra acquired in the temperature range 70-112°C show a continuous minor decrease in the magnitudes for C Q from 17.4 to 14.9 kHz accompanied by a similar decrease in η Q from 0.98 to 0.63 (Table 4) .
7 Li MAS NMR on Li(BH 4 ) 0.86 Cl 0.14 . The 7 Li MAS NMR spectra of the orthorhombic and hexagonal phases for the Li(BH 4 ) 0.86 Cl 0.14 sample (See Supporting Information) exhibit very similar features to those shown for the LiBH 4 sample in Figure 5 . The main difference between the spectra of the two different samples is that the temperatures for the hysteresis curve in Figure 6 for the orthorhombic to hexagonal and hexagonal to orthorhombic phase transitions in Li(BH 4 ) 0.86 Cl 0.14 are significantly lower compared to the phase transitions in LiBH 4 . Spectral analysis by optimized fitting to the experimental spectra gives similar parameters (C Q = 19.7 kHz and η Q = 0.97) for the orthorhombic solid solution (T = 24°C) as observed for o-LiBH 4 (Table 4) .
For the hexagonal solid solution, which is obtained from the o-to h-Li(BH 4 ) 0.86 Cl 0.14 phase transition starting at about 81°C and completed at about 100°C, the 7 Li quadrupole coupling parameters are C Q = 27.1 kHz and η Q = 0.39 as determined from a spectrum acquired at 120°C. The C Q and η Q values are also fairly similar to those obtained for LiBH 4 in its hexagonal phase. The fwhm values of the central transition in the 7 Li MAS NMR spectra for Li(BH 4 ) 0.86 Cl 0.14 as a function of temperature are illustrated in Figure 6 and show a continuous decrease in the fwhm from about 490 to 380 Hz across the temperature range 24-81°C for the orthorhombic phase followed by an abrupt decrease to 45 Hz at about 100°C following the complete phase transition to h-Li(BH 4 ) 0.86 Cl 0.14 . The phase transition temperature corresponds quite well with that observed from the in situ SR-PXD data (41-102°C, depending on the amount of Cl -). The hysteresis for the solid solution amounts to about 15°C, which is higher as compared to the hysteresis for h-to o-LiBH 4 , but it is in good agreement with the in situ SR-PXD data. The fwhm values observed in the VT MAS NMR experiments for the substituted and pure LiBH 4 ( Figure 5 and 6) display similar features and hysteresis curves, except that the increase in fwhm just prior to the phase transition for LiBH 4 ( Figure 5 ) is not observed for Li(BH 4 ) 0.86 Cl 0.14 ( Figure 6 ). Thus, the abrupt change in dynamics starting at 100°C, which initiates the phase transition for pure LiBH 4 , does not take place for the Li(BH 4 ) 0.86 Cl 0.14 solid solution. However, most importantly a decrease in the average temperature for the overall phase transition hysteresis curve of about 35°C relative to that for pure LiBH 4 is observed. At this point we note that earlier in situ SR-PXD experiments also show a decrease in temperature for the orthorhombic to hexagonal phase transition for Li(BH 4 ) 0.86 Cl 0.14 compared to that for pure LiBH 4 . 40 In conclusion, our present NMR observations clearly indicate a stabilization of the hexagonal phase when chloride ions are incorporated into the structure of LiBH 4 .
11 B Solid-State MAS NMR on LiBH 4 . Experimental and simulated 11 B MAS NMR spectra are shown in Figure 7 . Only a single resonance is observed for LiBH 4 in its 11 B MAS NMR spectrum, which is in accordance with the crystal structural model for LiBH 4 , described by one boron position in the asymmetric unit. The 11 B MAS NMR spectra of the o-LiBH 4 and h-LiBH 4 phases for LiBH 4 are widely different, as illustrated by the spectra shown in Figure 7 . The spectrum acquired at RT, i.e., (below the phase transition) using a spinning frequency ν r = 5000 Hz, is shown in Figure 7a and displays a line width fwhm for the central transition of about 360 Hz. This line width is dramatically reduced (60 Hz) in the 11 B MAS NMR spectrum (Figure 7d ) acquired at a temperature of 120°C (i.e., just above the phase transition). The experimental 11 B MAS NMR spectrum in Figure 7b , which represents an increase in the vertical scale expansion by a factor of 5 for the spectrum in 7a, has been analyzed in terms of the quadrupole coupling constant (C Q ) and asymmetry parameter (η Q ) for this quadrupolar nucleus (I = 3/2). Optimized fitting of simulated to the experimental line shapes and intensities of the central and satellite transitions yields the optimized parameters listed in Table 4 , and the corresponding simulation for the experimental spectrum is illustrated in Figure 7c . To achieve the excellent fit (Figure 7c ) of the spinning sideband intensities for the satellite transitions to that for the experimental spectrum requires a simultaneous optimization of both the 11 B C Q , η Q parameters, and 11 B chemical shift anisotropy (CSA) parameters (δ σ , η σ , δ iso ). Although the CSA appears to be quite small (δ σ = 30 ppm, η σ = 0.91), it is on the order of the values observed for other symmetrical ions, e.g., NR 4 þ published from earlier work on 14 N MAS NMR. 43 From the spectrum of the o-LiBH 4 phase, the quadrupolar coupling parameters C Q = 99 kHz and η Q = 0.91 are obtained. In the temperature range 70 to 116°C, a reduction of the C Q values is observed and a total collapse of the spectrum to a narrow single line (fwhm = 60 Hz) is observed at 116°C caused by the phase transition. The 11 B MAS NMR spectra for the VT experiment show the same complex behavior for the fwhm of the central transition for LiBH 4 as is observed for the 7 Li spectra when approaching the phase transition, as shown in Figure 8 . In the temperature range 67 to 100°C, the fwhm is fairly constant (375 Hz). However, at about 100°C, the fwhm begins to increase from 357 Hz to about 600 Hz, until it suddenly drops to 70 Hz at a temperature of 117°C where the transition to the h-LiBH 4 phase starts and appears to be completed at 120°C. During cooling and approaching the phase transition from the h-LiBH 4 phase (i.e., by a decrease in temperature), the temperature for return into the o-LiBH 4 phase is observed at 112°C, which is 5°C lower than that for the o-to hLiBH 4 phase transition. This hysteresis effect is similar to the one observed from the 7 Li MAS NMR experiments, although it is observed to be slightly lower in 11 B MAS NMR.
1 H Solid-State MAS NMR on LiBH 4 . The proton spectra only showed a single relatively broad (fwhm = 2450 Hz) resonance in 1 H MAS NMR for a spinning frequency of 5 kHz. The line widths as a function of temperature from the 1 H MAS NMR are displayed in Figure 9 . The fwhm follow more or less the same tendency as observed for the 7 Li and 11 B experiments for pure LiBH 4 . First, it is constant at 2440 Hz from RT to approximately 100°C, and then, it increases to 2720 Hz just before the phase transition at 116°C, and finally, it decreases to the same value of about 2450 Hz as observed below the temperature of 100°C. Although this behavior of the 1 H fwhm may seem somewhat puzzling, 46, 47 it shows that a spinning frequency of ν r = 5 kHz (even at 116°C) is insufficient to completely average the residual homonuclear 1 H-1 H dipolar coupling which clearly makes a dominating contribution to the fwhm in the 1 H MAS spectra. Thermal Analysis. To explore the physical properties of the anion-substituted material Li(BH 4 ) 0.91 Cl 0.09 , (s1), simultaneous thermogravimetry (TGA) and differential scanning calorimetry (DSC) have been conducted. A continuous experiment with three heating and cooling cycles have been performed shortly after the in situ SR-PXD cycle experiment (see Figure 2 ) and the initial sample composition is Li(BH 4 ) 0.91 Cl 0.09 . During the first heating, the phase transition from o-to h-Li-(BH 4 ) 0.91 Cl 0.09 is seen at 104°C, which is about 10°C lower as compared to pure LiBH 4 (Figure 10 ). The TG data is not shown, because no mass loss is observed during the measurements. During cooling of the sample, no DSC signal is observed for the phase transition from h-to o-Li(BH 4 ) 1-x Cl x (x ∼ 0.42) (data not shown). This supports the results from the in situ SR-PXD experiments, which demonstrate that the phase transition temperature (during cooling) when a high quantity of Cl -is substituted, is at approximately 20°C. Nevertheless, a small amount of h-Li(BH 4 ) 0.58 Cl 0.42 must slowly change into o-Li(BH 4 ) 0.58 Cl 0.42 , due to the small signal observed at 98°C during the second and third heating cycle. The lower phase transition temperature indicates that more Cl -has been substituted into the structure. Interestingly, the melting point of the substituted sample (first heating) is not observed until 297°C, which is 17°C higher as compared to that of pure LiBH 4 . This illustrates a stabilization of the hexagonal phase. For the second and third heating cycles the melting is detected at almost the same temperatures as for the first heating. This shows that the additional substitution of the Cl -, which was also observed by the in situ SR-PXD experiment, occurs quite rapidly and before reaching the melting point. The signal from the melting point is slightly broadened due to a range of different sample compositions, with slightly different melting points. These changes in temperatures for the phase transition and melting indicate a stabilization of the hexagonal phase caused by the incorporation of Cl -in the LiBH 4 structure. Furthermore, these data confirm that the additional substitution, which occurs during heating, is a fast reaction.
Temperature Programmed Desorption (TPD). TPD measurements have been conducted to study the decomposition of the Li(BH 4 ) 1-x Cl x (x is approximately 0.23 following 4 months after the preparation) and LiBH 4 samples (Figure 11 ). For both samples, only a tiny quantity of hydrogen is desorbed from RT to 225°C. A minor hydrogen release in the temperature range from 50 to 100°C is often observed which most likely is due to adsorbed water forming a small amount 
